Protein engineering of electrostatic interactions between charged substrates and complementary charged amino acids, at two different sites in the substrate binding cleft of the protease subtilisin BPN', increases kct/Km toward complementary charged substrates (up to 1900 times) and decreases kcat/Km toward similarly charged substrates. From kinetic analysis of 16 mutants of subtilisin and the wild type, the average free energies for enzyme-substrate ion-pair interactions at the two different sites are calculated to be -1.8 ± 0.5 and -2.3 + 0.6 kcal/mol (1 cal = 4.18 J) [at 250C in 0.1 M Tris-HCl (pH 8.6)]. The combined electrostatic effects are roughly additive. These studies demonstrate the feasibility for rational design of charged ligand binding sites in proteins by tailoring of electrostatic interactions.
Protein engineering by in vitro mutagenesis of cloned genes (1) has been successfully applied to improve the thermal stability (2, 3) and oxidative stability (4-6) of various proteins and to produce enzymes with altered substrate specificities (7) (8) (9) (10) . Rational design of substrate specificity is especially significant because it can provide a general means for engineering biological macromolecules for useful chemical and biochemical reactions in vitro and in vivo. However, specificity is a challenging property to engineer predictably because it is determined by a complex and poorly understood mix of chemical binding forces that includes electrostatic interactions, steric, and hydrophobic effects (12) . Enzymesubstrate interactions provide a useful means for isolating and evaluating chemical binding forces because the interactive surfaces can be modified both at the substrate by chemical synthesis and at the enzyme by protein engineering.
Although electrostatic interactions are a general binding force (13) , they are difficult to predict quantitatively. Much of this uncertainty stems from the fact that the free energy, AGe, is inversely proportional to the dielectric constant of the medium, which varies nonuniformly depending on shielding and charge effects. [For two complementary unit charges AGe = -332/rD, where the units for AGe are in kcal/mol, r is in A, and D is the dielectric constant (14) .] Theoretical analyses reach different conclusions concerning the magnitude and constancy of the dielectric constant throughout a protein molecule (for reviews, see refs. [15] [16] [17] [18] . Furthermore, empirical estimates of specific electrostatic interactions are limited to a narrow data set provided by nature (18) (19) (20) (21) (22) .
Here, electrostatic interactions are evaluated between charged peptide substrates and subtilisin, which is modified at two different sites using a cassette mutagenesis method (23) on the cloned subtilisin gene from Bacillus amyloliquefaciens (24 (28) . DNA was digested with BamHI, and the 4.6-kilobase piece (fragment 1) was purified by polyacrylamide gel electrophoresis (28) . Position 166 mutants were prepared by cassette mutagenesis (23) as described (7) . Fragment 3, containing the carboxyl-terminal portion of the subtilisin gene including the desired position 166 codon, was isolated as a 610-base-pair Sac I/BamHI fragment. Fragment 2 was a duplex synthetic DNA cassette that properly restored the coding sequence except at codon 156. The top strand of the cassette was synthesized to contain a glutamine codon, and the complementary bottom strand coded for serine at position 156. Ligation of heterophosphorylated cassettes leads to a large and favorable bias for the phosphorylated over the nonphosphorylated oligonucleotide sequence in the final segregated plasmid product (23) . To obtain glutamine-156, the top strand was phosphorylated, annealed to the nonphosphorylated bottom strand (serine-156), and ligated with fragments 1 and 3. Mutant sequences that were isolated after ligation and transformation were confirmed by restriction analysis and DNA sequencing (27 (32, 33) , and product inhibitors (34) show two possible modes of substrate binding depending on the P1 substrate side chainT (Fig. 1 Changes in substrate preference that arise from changes in the net charge in the P1 binding site show trends that are best attributed to electrostatic effects (Fig. 2) . As the P1 binding cleft becomes more positively charged, the average catalytic efficiency increases much more for the glutamate P1 substrate than for its neutral and isosteric P1 homolog, glutamine ( Fig. 2A) . In contrast, as the P1 site becomes more positively charged, the catalytic efficiency toward the lysine P1 substrate decreases and diverges from its neutral and steric homolog, methionine (Fig. 2B) . The parallel upward trend seen with increasing positive charge for both neutral P1 substrates, methionine and glutamine, may result in part from the fact that all the substrates are succinylated on their amino-terminal end and thus carry at least one negative charge.
The effect of changing the P1 binding site charge on substrate preference can be estimated from the differences between the slopes for the charged and neutral isosteric P1 substrates (Fig. 2) . The increase in log(kcat/Km) for charged compared to neutral isosteric substrates is additive, and roughly a factor of 10 in kcat/Km for each complementary charge present in the P1 binding site on the enzyme. When inverting the charge on the substrate (i.e., P1 lysine to glutamate) the kcat/Km increases 100 times per complementary enzyme charge.
Ion Pair Interaction at Residues 156 and 166. The free energy of electrostatic interactions depends on the distance between the charges and the local dielectric constant of the medium. To dissect these structural and microenvironmental effects, the energies involved in specific ion pairs between enzyme and substrate need to be evaluated. In addition to those modeled in Fig. 1 Table 2 ) for indicated P1 substrates whose charge is complementary with the charge at position 166. 156/glycine-166, glutamate-156/alanine-166, glutamate-156/ asparagine-166, glutamate-156/glutamine-166, and glutamate-156/methionine-166).
DISCUSSION
We attribute the general changes in substrate specificity resulting from charged amino acid substitutions at residues 156 and 166 in the P1 binding site to electrostatic effects. This is supported by the data showing that charged substitutions substantially increase the catalytic efficiency toward complementary charged P1 substrates (up to 1900 times) and decrease it toward similarly charged P1 substrates (Fig. 2) In practice, the charged side-chain substitutions have altered the substrate specificity of subtilisin from being chymotrypsin-like to being more trypsin-like (i.e., glutamate-156/glutamate-166) or more V-8 protease-like (i.e., glutamine-156/lysine-166). The fact that wild-type enzyme can be improved in kcat/Km toward any of the P1 substrates tested is encouraging to goals for tailoring biological specificity while maintaining protein function. These studies demonstrate the feasibility of engineering substrate specificity by altering electrostatic interactions and contribute to the data base required for evaluation of electrostatic theories in proteins and for rational design of ligand binding sites.
